Beetroot (Beta vulgaris L.) is a tuberous vegetable that is under experimentation in the vegetable production system in Rio Grande do Norte state (Brazil). It is quite demanding, in nutritional terms. One of the alternatives to meet this need is green manuring using spontaneous species of the Caatinga biome. The aim of the present work was to optimize the agro-biological performance and economic profitability of the beetroot 'Early Wonder', fertilized with different doses of hairy woodrose (Merremia aegyptia (L.) Urb.) in this semi-arid environment. Hairy woodrose is a spontaneous species of the Caatinga biome that is widely distributed, being found in forests, fences, forest clearings and fields, growing in soils of different textures, producing biomass with a high content of macronutrients. This material was collected from spontaneous vegetation, native to the region, and used as green manure.The experimental design was a randomized complete block, with four treatments and five replicates. The treatments consisted of four amounts of hairy woodrose biomass incorporated into the soil (10, 25, 40 and 55 t ha -1 of dry matter). The following agronomic characteristics were evaluated in each beetroot treatment: plant height, fresh mass of shoots, number of leaves per plant, dry mass of shoots and dry mass of roots, total and commercial root productivity, and root productivity classified into scrap and extra roots, extra A roots, extra AA and great roots. Apart from these characteristics, the following economic indicators were also determined for each treatment: gross income, net income, rate of return and profit margin. The maximum agro-biological efficiency of beet root productivity (22.68 t ha -1 ) was obtained from 44.92 t ha -1 of hairy woodrose biomass added to the soil. The maximum economic efficiency of the yield of beet roots was achieved as a net income of AU$2,491.00 (R$6,406.36) ha -1 , provided by the production of 22.04 t ha -1 of commercial roots, using 37.03 t ha -1 of hairy woodrose biomass incorporated into the soil. The use of hairy woodrose as green manure presents agro-economic feasibility in beet cultivation in this semi-arid environment.
Introduction
Beetroot is a tuberous vegetable with a high nutritional value, rich in iron, copper, zinc, manganese and vitamins B1, B2, B5 and C, and very useful in the formation of red blood cells (Souza et al., 2003) ; however, it is quite nutritionally demanding to grow. One of the viable ways to meet its nutritional needs is through green manuring, a cultivation practice whereby high-productivity plant remains of nutrient-rich biomass (Hodtke et al., 1999; Silva et al., 1999; Faria, 2004; Bezerra Neto et al., 2011) , produced in situ or imported from other sites, are added to the soil in order to preserve, restore and increase the soil organic matter and nutrient contents . It is known, however, that the effects of green manuring are quite variable, depending on the species used, the management given to the biomass, the time of planting and cutting of the manure, the time it resides in the soil, the soil and climatic conditions, and interactions between these factors (Alcântara et al., 2000) . Beetroot is in the test phase of the vegetable production systems in the semi-arid land of northeastern Brazil. Studies aiming to improve the efficiency of these production systems, in terms of lowering their environmental impact, using green manures from spontaneous species of the Caatinga biome, have been carried out in the region (Linhares et al., 2012a; Silveira et al., 2012; Souza et al., 2015) . Among the species that have been tested is the hairy woodrose, a spontaneous plant of the family Convolvulaceae that is native to northeastern Brazil. This has a green phytomass productivity of around 36 t ha ¹ and a C/N ratio of 18:1, presenting as an excellent alternative for use as green manure Linhares et al., 2012b; Oliveira et al., 2017) . Bezerra , in studying the agronomic performance of lettuce as a function of different amounts of hairy woodrose incorporated into the soil, observed a higher productivity of lettuce leaf (10.26 t ha -1
) from an amount of 6.11 t ha -1 of hairy woodrose added to the ground. This yield was higher by about 2.96 times than the yield obtained with lettuce (3.47 t ha -1 ) when not manured; that is, at a dose of 0 t ha -1 of green manure. On the other hand, Lima et al. (2008) , in studying the agronomic performance of arugula (in terms of plant height, number of leaves per plant and yields of green and dry mass) using different types of fertilization, among them cattle manure, NPK mineral fertilizer, manuring with green hairy woodrose, and soil without fertilization, observed that the exclusive use of hairy woodrose, in the amount of 151g per pot, provided the largest increases in all of the characteristics evaluated. In relation to green and dry mass yields of arugula, these increases were of the order of 2.36 and 1.44 times higher than those obtained in the control treatment (i.e., without fertilization). Linhares et al. (2011) , in studying the agronomic performance of two arugula cultivars, Cultivada and Folha Larga, using different amounts of hairy woodrose in relation to soil without fertilization, observed higher yields of green mass (17.8 and 13.5 g per pot) in these cultivars, compared to the non-fertilized control treatment (13.9 and 11.1 g per pot). These yields were 1.28 and 1.22 times higher than those obtained in the control treatment. Oliveira et al. (2011) , in studying the agronomic performance of carrot fertilized with different doses of hairy woodrose before sowing, verified that this green manure provided a 33% increase in the commercial productivity of carrot roots in relation to a lower incorporated dose of 5.4 t ha -1 , and of 42% when compared to the non-fertilized control treatment. Vieira et al. (2018) , in working the agronomic performance of cowpea-vegetable as a function of different amounts of roostertree biomass [Calotropis procera (Ait.) R.Br.] added to the soil, registered that the maximum economic efficiency of the green grain yield of cowpea was obtained for the net income of R$ 8,701.42, provided by the production of 3.02 t ha -1 of green grains, with the dose of 53.57 t ha -1 of roostertree biomass incorporated to the soil. On the other hand, Bezerra Neto al. (2013a) , in intercropping carrot with cowpea-vegetable in the semiarid of northeastern Brazil fertilized with roostertree in different amounts of biomass, observed optimization of the commercial productivity of the carrot with the incorporation to the soil of 50.37 t ha -1 of the green manure. Due to a lack of data on green manuring in beetroot in a single production system, the aim of this work was to optimize the agro-biological performance and economic profitability of beetroot fertilized with different doses of hairy woodrose in the semi-arid region of Rio Grande do Norte state.
Results and Discussion

Evaluation of agronomic characteristics
Based on the results of regression analysis of the agronomic characteristics of plant height, fresh mass of shoots and dry mass of beetroots, evaluated as a function of biomass amounts of hairy woodrose, an ascending relationship between these characteristics and the growing amounts of biomass was observed (Fig. 1 Figs 1A, 1D ). This increase was obviously due to the greater availability of nutrients provided by the dynamics of green manure decomposition and mineralization, as well as the influence of organic fertilization on the improvement of soil fertility, through the promotion of biological activity in the soil, which favoured the solubilization of nutrients and, consequently, an increase in the root absorption surface (Batista et al., 2013; Martins et al., 2018) . These results may be due to an adequate supply of incorporated N, thus promoting growth, vegetative development, expansion of the photosynthetic area, activation and an increase in crop production potential (Favacho et al., 2017) . The plant material used, hairy woodrose, had a N and K content of 28.13 and 42.16 g kg -1 , respectively, which provided a synchronization between nutrient release factors and the period of nutritional demand of the crop. According to Prado (2009) , N is one of the main nutrients responsible for the development of plants, as it directly influences cellular expansion and the photosynthetic rate, which are most demanded by vegetables. A growth response in the plant height of beetroot has previously been observed by Silva et al. (2011) , as a function of increasing doses of hairy woodrose incorporated into the soil, wherein a maximum height of 23.9 cm was reached in the amount of 15.6 t ha ) and highest (15.6 t ha -1 ) hairy woodrose dose was of the order of 3 cm. This result was lower than the one registered in this study, which was 5.7 cm; this result is probably due to the low dosages used by Silva et al. (2011) . For the yields of fresh shoot mass and dry mass of beetroot, Silva et al. (2011) observed a growth response with increasing doses of hairy woodrose, where the yields of fresh and dry mass were of the order of 9.03 and 2.14 t ha -1 , respectively, with 15.6 t ha -1 of green manure. These are lower than those obtained in this study, which were 22.68 and 4.63, respectively, with a 55 t ha -1 dose of this manure incorporated. In terms of number of leaves per plant, a stable number of 9.3 leaves was recorded up to an amount of hairy woodrose of 52 t ha -1 , growing to 11 leaves per plant at a dose of 55 t ha -1 of green manure (Fig. 1B) . Santos et al. (2017) , in cultivating beets for two planting seasons in northeastern Brazil, in order to evaluate the effects of amounts of Calotropis procera biomass incorporated into the soil on the agronomic performance of 'Early Wonder' beet, observed that the number of leaves per plant increased linearly with increasing amounts of the green manure, reaching maximum values of 11.8 (autumn) and 9.88 (spring-summer) leaves per plant from 15.6 t ha -1 of C. procera. Independently, the amount of green manure used, and the type of fertilizer, did not change the number of leaves per plant, leading to the conclusion that this is a characteristic of the cultivar used. For the dry mass of beet shoots, a polynomial relationship between this characteristic and increasing amounts of the green manure biomass incorporated into the soil was recorded, reaching a maximum value of 0.49 t ha -1 from a biomass amount of 36.40 t ha -1 , then decreasing to the final green manure biomass dosage (Fig. 1C) . In terms of the characteristics of the productivity of beetroot roots extra, extra A, extra AA + great, total and commercial productivity of the beetroot, a polynomial relationship between these characteristics and increasing amounts of green manure biomass incorporated into the soil was also observed, reaching maximum values of 4. 44, 6.12, 13.85, 25.89 . This then decreased to the last applied amount of biomass (Figs 2A-D) . On the other hand, the productivity of scrap roots increased in tandem with increasing amounts of hairy woodrose biomass, reaching a maximum value of 3.50 t ha -1 in the last amount of green manure added to the soil ( Fig. 2A) . A possible explanation for these yield characteristics is in the fact that hairy woodrose presents high nutrient values for N, K and Mg (28.13 g kg -1 N, 42.16 g kg -1 K and 2.70 g kg -1 of Mg) in its composition. Another important factor in this high performance of hairy woodrose is its C:N ratio of 18:1, which facilitates its rapid decomposition and release of nutrients (Batista et al., 2013) . This polynomial behaviour, and the optimization of each agronomic characteristic of the beet, can be attributed to the law of the maximum, where the excess of a nutrient in the soil from an increase in its dose can cause toxic effect and/or diminish the effectiveness of others, thus reducing the values of the analyzed variables (Almeida et al., 2015) . Another justification that may be related to this behaviour and the optimization is the adequate synchrony between the period of greater nutrient demand by the beetroot and the release of the nutrients by the hairy woodrose (Fontanétti et al., 2006; Silva et al., 2017) . Souza et al. (2018) , in studying the effect of green manure, using different amounts of hairy woodrose in beetroot intercropping with cowpea under the same conditions of semiaridity as this research, observed maximum values of 2.99, 2.98, 2.61, 2.76, 13.97, 12.46 and 1.64 t ha -1 , respectively, for the dry mass of shoots, productivity of roots extra, extra A, extra AA + great, and for total and commercial root productivity when fertilized with the following respective amounts of hairy woodrose: 38.00, 10.00, 55.00, 47.37, 55.00, 55.00 and 10.00 t ha -1 added to the soil. These results were lower than those obtained in this research because the doses of green manure added to the soil were lower than those incorporated in this research. Only the dry mass of shoots was optimized, presenting the same quadratic behaviour of the characteristics evaluated above. , by fertilizing beet with the green manures, roostertree and hairy woodrose, recorded that the best productive performance of the beetroot was reached in the total and commercial productivity of the roots at 18. 74, 16.33 and 17.57, and 15.39 t ha -1 . This productivity was also lower than those obtained in this study.
Estimates of total costs and economic indicators
From this study, the total costs of producing one hectare of beetroot in single cropping, fertilized with hairy woodrose, were calculated for each treatment using the tested ), respectively (Table 1) . In view of these results, it is worth noting that it is worthwhile to cultivate the tuberous beetroot, fertilized with hairy woodrose, since it provides a financial return compatible with the invested capital. Therefore, hairy woodrose becomes a good source of organic fertilizer for small producers, considering that this green manure is available spontaneously in the region where the study was conducted. These results are in agreement with those obtained by Silva et al. (2011) , in cultivating beetroot in monoculture, fertilized with hairy woodrose, and with those determined by Oliveira et al. (2011 Oliveira et al. ( , 2012 and Bezerra Neto et al. (2014) , in planting the tuberous vegetable carrot in sole crop, and intercropped with leafy coriander and arugula crops (Oliveira et al., 2017) , both fertilized with hairy woodrose. The economic indicators for the production system of beetroot in sole crop, as a function of the quantity of hairy woodrose biomass incorporated into the soil, were submitted to regression analysis, with the purpose of optimizing their agro-economic efficiencies. These presented a polynomial relationship (Fig. 3) , with gross and net incomes, rate of return and profit margin increasing up to the maximum amounts of AU$10,059.00 (R$25,866.50) ha Figs 3A-D) . Among the economic indicators evaluated, net income is the indicator that allows the producer to visualize the best technology to be used in the process of beet production in sole crop, in terms of agroeconomic efficiency, since, according to Beltrão et al. (1984) , net income better expresses economic value than gross income because the total costs of production are deducted from this. Thus, it can be inferred that a profit of AU$2,491.31 (R$6,406.36) ha -1 can be obtained by adding 37.03 t ha -1 of hairy woodrose to the soil, due to the agronomic efficiency of the system being translated into economic terms. Silva et al. (2011) , in fertilizing a single crop of beetroot with hairy woodrose in the semi-arid state of Rio Grande do Norte, failed to optimize the economic efficiency indicators, obtaining an upward behaviour of these indicators with increasing amounts of hairy woodrose -behaviour in opposition to that obtained from this study. These conflicting results can be explained by the low dosages of hairy woodrose tested by the authors of that study. On the other hand, in a work carried out on the tuberous carrot intercropped with leafy coriander and arugula, Oliveira et al. (2017) reported a polynomial relationship, similar to that found in this study, between the economic indicators and the quantities of hairy woodrose tested, thus optimizing all indicators of economic efficiency. , R$3.46 per real invested and 71.1%, respectively, from 15.6 t ha -1 of hairy woodrose added to the soil. This quantity of hairy woodrose was smaller than those obtained in this work for gross income, net profit, rate of return and profit margin, which were of the order of 44.92, 37.03, 40.14 and 35.40 t ha -1 of hairy woodrose incorporated into the soil. This difference is due to the system of cultivation of the vegetables used.
Materials and Methods
Research site
The present study was conducted at the experimental farm 'Rafael Fernandes' of the Universidade Federal do SemiÁrido, in the Alagoinha district, 20 km from the municipality of Mossoró, RN (5°03'37"S, 37°23'50"W Gr; 18 m altitude), from July to October, 2012. The climate in this region, based on the Köppen classification, is BShw -dry and very hot, with two seasons: a dry season, which usually runs from June to January, and a rainy season, from February to May (Alvares et al., 2014) . During the experimental period, the average temperature was 27°C, minimum average temperature was 25°C, maximum average temperature was 31°C, mean relative humidity was 66%, average wind speed was 4 m s 
Experimental procedure, treatments and plant material
The experimental design was a randomized complete block with four treatments and five replications, where the treatments planned and tested were four quantities of hairy woodrose incorporated into the soil (10, 25, 40 and 55 t ha -1 on a dry basis), previously predetermined, based on researches testing green manure amounts on other vegetable crops in the region (Oliveira et al., 2015; Bezerra Neto et al., 2013b) , with the purpose of determining, through regression analysis, the optimum quantity to maximize the agronomic and economic efficiencies of beet production in sole crop. Each experimental plot had a total area of 1. (Fig. 4) . The hairy woodrose used as a green fertilizer in this study is a spontaneous plant that grows and develops naturally in the Brazilian Northeast Caatinga biome annually in the rainy season, and is widely distributed, being found in forests, fences, forest clearings and fields, growing and developing in soils of different textures (Lima et al., 2008) . It is an annual herbaceous climbing plant, cylindrical, grooved, glabrous, or more commonly with yellowish hirsute pubescence. The leaves are yellowish, membranous and alternate, the inflorescence consists of bunches of six to nine flowers, similar to lilies, and the fruit is a subglobose capsule. This plant yields 36 t ha -1 of green biomass. Five simple samples of this material were collected and transformed into a composite sample , which was sent to the Soil, Water and Plant Laboratory of the UFERSA to be analyzed. The results obtained were as follows: N = 28.13 g kg ; and the C:N ratio is 18:1. Based on these results, it can be observed that this plant is a good source of green manure for use in family farms that grow vegetables . Its agronomic and economic efficiency has been proven in carrot (Bezerra Neto et al., 2014) , arugula and lettuce . The hairy woodrose for fertilization of the experimental plots was collected from several areas of native vegetation in the municipality of Mossoró, close to the research site, before it flowered in the rainy season, about 35 days before planting the experiment. The material was crushed in a forage machine into 2 cm pieces, dried in the shade for approximately five days until reaching the hay point (close to 10% humidity), quantified, and stored to be used prior to the experimental installation in the dry season.
Management, cropping system and cultivar
The soil in the research area was manually cleaned with the aid of a hoe, followed by a harrowing and lifting of the beds. Next, a solarization was performed as a pre-planting treatment, with transparent plastic of the type Vulca Brilho Bril Fles (30 µm) laid for 40 days, to reduce nematodes, particularly Meloidogyne spp., and plant parasites in the top 0-10 cm of the soil. The experimental plots were fertilized twice in the 0-20 cm soil layer. The first manuring used 40% of the relative amounts of each plot, 20 days before the beet planting. The remaining 60% was incorporated within 30 days of beet planting. Once the hairy woodrose was incorporated into the soil, irrigations were performed by micro-sprinkler twice a day (morning and evening), providing a water sheet of approximately 8 mm d
-1 to promote microbial activity in the soil to aid the decomposition process. Weed control was done manually at 15 and 45 days after sowing. The beet cultivar 'Early Wonder', adapted to cultivation in the northeast of the region, was planted 20 days after incorporation of the green manure into the soil, on 21 August, 2012, and thinning took place 16 days after planting. The beet was harvested on 29 October, 2011.
Measured characteristics
The beet was evaluated in a sample of 12 plants randomly removed from the harvest area, the height of the plants (measured with a ruler, from ground level to the end of the highest leaf, expressed in cm), number of leaves per plant (obtained by counting), fresh mass (obtained by the weight of the shoots, expressed in t ha -1 ), and dry mass of shoots (left in a greenhouse, with forced air circulation at 65°C, until reaching constant mass weight, expressed in t ha -1 ). The total productivity of the roots was determined from the fresh root mass of the plants from the harvest area (expressed in t ha -1 ), and the commercial productivity of the roots was obtained through the fresh root mass of the plants from the harvest area, free of cracks, bifurcations, nematodes and mechanical damage (expressed in t ha -1 ). The dry mass of roots was measured from a sample of 12 plants, left in an oven until reaching constant mass weight (expressed in t ha -1 ). The classified productivity of the roots was determined by root diameter (RD) classified into in extra (RD>4 and <5 cm), extra A (RD≥5 and <6 cm),; extra AA (RD≥6 and <7 cm) and great (RD>7). All roots that were damaged, cracked, bifurcated and/or smaller than 4 cm in diameter were considered to be scrap (Horta et al., 2001) . Gross income (GI) from the tested treatments was obtained by the value of production per hectare (R$ ha , where TC (total costs of production) was the sum of all expenses (input and labour) in each treatment, expressed in R$ ha -1 . The rate of return (RR) was obtained by the expression:
. The profit margin was obtained as the ratio of NI to GI, expressed as a percentage.
Statistical analysis
A univariate analysis of variance was used to evaluate the effects of the treatments on the variables, using the software, Sisvar (Ferreira, 2011) . Three assumptions underlying the univariate analysis were tested. To test for additivity of the model, Tukey's test for nonadditivity was applied to yield residuals data for the variable. For each variable, a standard analysis of variance was constructed, and the error sum of squares was partitioned into two parts -additivity and residual. The homogeneity of variances was tested on the residual data of treatments by Bartlett χ 2 , ignoring block effects. A test for normality was performed using statistics W of Shapiro-Wilk (SAS Institute, 1995) . Thereafter, a response curve adjustment procedure for each characteristic, as a function of the amount of hairy woodrose used, was performed through the Table Curve software (Systat Software Inc., 2002) . The response functions were evaluated based on the following criteria: significance of the error mean square of regression (EMSReg), high coefficient of determination (R 2 ), and significance of regression parameters, using the t test at 0.05.
Conclusions
The maximum agro-biological efficiency of beetroot root productivity was obtained for a commercial root yield of 22.68 t ha -1 , with 44.92 t ha -1 of hairy woodrose biomass added to the soil. The maximum economic efficiency of beetroot root yield was achieved by a net income of AU$2,491.00 (R$6,406.00) ha , provided by the production of 22.04 t ha -1 of commercial roots, with 37.03 t ha -1 of hairy woodrose biomass incorporated into the soil. The use of hairy woodrose as a green manure presents an agroeconomic feasibility for beetroot cultivation in the semiaridity of Rio Grande do Norte state. Cultivation in the fall resulted in a higher total and commercial productivity of the roots of beetroot fertilized with C. procera.
